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(VGCCs), because LTD was severely attenuated or blocked by both nimodipine and Ni 2+. These findings suggest that back-propagating action potentials can exert a powerful control over the induction of LTD and that both VGCCs and NMDArs are involved in the induction of this form of plasticity.
In~oducfion
Long-term depression (LTD) and long-term potentiation (LTP) refer to protracted decreases and increases in synaptic efficacy, respectively, and together these two phenomena are believed to be involved in certain forms of mnemonic processing. Although there are a number of paradigms that can result in long-lasting reductions in synaptic efficacy, low-frequency stimulation (LFS) at 1-5 Hz recently has been used to reliably induce a robust LTD in vitro. This form of LTD has been termed homosynaptic LTD because it occurs only at those synapses that are active during the induction procedure (Dudek and Bear 1992; Mulkey and Malenka 1992; Bolshakov and Siegelbaum 1994) . Like LTP in the CA1 region, homosynaptic LTD can exhibit input specificity, reversibility, saturation, and frequency-dependency (Dudek and Bear 1992, 1993) .
Research into the mechanisms responsible for the genesis of LTD has led to the hypothesis that an increase in Ca 2 + in the postsynaptic neuron plays an important role in the induction phase (Dudek and Bear 1992; Mulkey and Malenka 1992; Bolshakov and Siegelbaum 1994; Selig et al. 1995) . More specifically, it has been proposed that LTD and LTP require different levels of [Ca 2 + ]i for their induction, with LTP requiring a greater influx than LEARNING & MEMORY 3:160-169 © 1996 by Cold Spring Harbor Laboratory Press ISSN1072-0502/96 $5.00
Cold Spring Harbor Laboratory Press on December 4, 2007 -Published by www.learnmem.org Downloaded from LTD (Christie et al. 1994; Larkman and Jack 1995; Linden and Connor 1995) . To date, however, no direct recordings of Ca 2+ activity actually have been made during the induction of homosynaptic LTD, and the main evidence for Ca 2 + involvement comes from the fact that reducing either [Ca 2+ ]i levels or Ca 2+ influx prevents LTD (Mulkey and Malenka 1992) .
It is known that Na +-dependent action potentials that back-propagate into the apical dendrites of CA1 neurons lead to widespread increases in [ Ca2+ ] i Miyakawa et al. 1992) via influx through voltage-gated Ca 2 + channels (VGCCs; Christie et al. 1995) . These back-propagating action potentials may also open N-methyl-D-aspartate receptors (NMDArs) by alleviating the Mg 2+ block and producing localized entry of Ca 2+ (Mayer and Westbrook 1987; Spruston et al. 1995a) . Several studies have suggested that the NMDAr is essential for the induction of homosynaptic LTD (Dudek and Bear 1992; Mulkey and Malenka 1992; Selig et al. 1995) , although others have reached different conclusions (Wexler and Stanton 1993; Bolshakov and Siegelbaum 1994) . Similarly, evidence for (Bolshakov and Siegelbaum 1994) and against (Mulkey and Malenka 1992; Selig et al. 1995) the involvement of at least the L-type of VGCC in homosynaptic LTD has also been reported. The putative involvement of other VGCC subtypes in hippocampal LTD remains to be examined.
Fluorescence imaging studies have indicated that several types of VGCCs are located throughout the dendrites, where they may play an active role in synaptic plasticity (Regehr and Tank 1990; Jaffe et al. 1992; Miyakawa et al. 1992; Regehr and Tank 1992; Christie et al. 1995) . Whereas the overall density of Ca 2 + -channels does not appear to change in more distal dendritic regions , the relative contribution of the different channel subtypes to Ca 2 + influx differs between somatic and dendritic regions . Low-voltage-activated (LVA) T-type channels have been shown to be activated by synaptically generated excitatory postsynaptic potentials (EPSPs) in CA1 pyramidal cells , indicating that they can provide a source of Ca 2 + in the absence of back-propagating action potentials. At present, however, it appears that an increase in Ca 2+ offers little predictive value for the induction of either LTD or LTP (Neveu and Zucker 1996) . Therefore, it remains unclear whether there is actually some threshold level of Ca 2+ that determines the induction of LTD or LTP, or whether the activation of certain channel subtypes and Ca 2+ localization might serve as indicators for the form of plasticity to be expressed. In the present report, we use fura-2 fluorescence imaging to measure the changes in [ Ca2 + ]i in soma and dendrites during various LTD induction paradigms. We found that LFS paired with back-propagating action potentials was necessary for the induction of LTD under our conditions. Furthermore, LTD induction was prevented by both n,L-2-amino-5-phosphonovaleric acid (APV) and blockers of certain VGCC subtypes. In addition, the increase in [Ca 2 + ]i during the induction phase was reduced in both soma and dendrites in the presence of these agents.
Materials and Methods

HIPPOCAMPAL SLICE PREPARATION
Hippocampal slices were prepared from young Sprague-Dawley rats (12-28 days). Rats were decapitated and the brain was rapidly dissected in cold saline composed of (in mM): 124 NaCI, 26 NaHCO 3, 10 dextrose, 2.5 KCI, 2.5 CaCI2, 1.5 MgCI 2, and 1.25 NaH2PO 4 superfused with 95% 02 and 5% CO2. Serial slices (400 ~m) were taken and placed in an oxygenated holding chamber where they were incubated at 32°C for at least 20 min before being stored at room temperature for the remainder of the experiment (<6 hr).
ELECTROPHYSIOLOGICAL AND FLUORESCENCE IMAGING METHODS
Electrophysiological recordings were carried out at 32°C by use of conventional patch-clamp whole-cell recording techniques. Individual slices were transferred as needed to a submerged holding chamber, and a ×40 water-immersion objective and differential interference contrast (DIC) optics were used to view the slice. Light in the near infrared range (740 nm) was used to better resolve individual neurons and their dendritic arbors. Whole-cell recording pipettes (2-4 M~) were pulled from borosilicate glass (Drummond) and filled with (mM): 120 KGluconate, 20 KC1, 10 HEPES, 4 NaCI, 4 Mg-ATP, 0.3 Mg-GTP, 14 phosphocreatine (pH 7.25, KOH), and 0.16 fura-2. Whole-cell patch-clamp recordings were made from visually identified CA 1 pyramidal neurons lo-
Cold Spring Harbor Laboratory Press on December 4, 2007 -Published by www.learnmem.org Downloaded from cated within 50 ~xm of the slice surface with an Axoclamp 2A amplifier in "bridge" mode (Axon Instruments). Neurons exhibited a resting membrane potential (Vm) between -60 and -70 mV. A single, etched tungsten wire (tip diameter < 5 p~m) was placed near the dendrites of the cell under study (~ 100--200/xm from the soma) for focal extracellular stimulation. Electrode series resistance was monitored in all recordings.
By use of a cooled CCD camera (Photometrics, Tucson, AZ) in sequential frame transfer mode, high-speed fluorescence images (25-ms frame intervals) were recorded from a 220 ixm length of soma and dendrite. Figure 1 presents a schematic of the recording and stimulation arrangement used in the whole-cell experiments. Relative changes in [Ca 2+ ]i were quantified as changes in AF/F, where F is fluorescence intensity before stimulation (after subtracting autofluorescence) and AF is the reduction from this value during neuronal activity. The bleaching correction was determined by taking a fluorescence measurement of the neuron under nonstimulated conditions. The tissue autofluorescence was determined by making an equivalent measurement at a parallel location in the slice away from the dye-filled neuron at the end of the experiment Miyakawa et al. 1992) . With the x 40 objective we were able to image simultaneously only the soma and the first 150-200 ixm of the proximal dendrites. Within this field of interest, three locations were chosen for analysis: the soma, the first 25 ~xm of the proximal dendrite (proximal), and an intermediate region of the dendrites about 100-150 ixm from the soma (midradiatum). These regions are indicated in the figures.
Stable electrical recordings were required for a minimum of 10 min before beginning the induction protocols, and recordings were continued for at least another 30-60 min. LTD was induced by applying 900 pulses at 3 Hz through the radiatum stimulating electrode. The 900 pulses were administered in epochs of 30 to 60 sec, with intervals of 5 sec between epochs, until a total of 900 pulses was reached. During each epoch, the fluorescence was measured for the first 5-10 sec of the stimulation. For each induction procedure, the reported changes in AF/F are based on measurements of the peak fluorescence at the end of the fluorescence measurement interval averaged over all of the epochs. All electrical data in the text are presented as the mean-+ S.E.M. of 24 recordings taken over a 6-min period 30 min following the induction procedure. Data were analyzed with one sample and unpaired t-tests, as appropriate. The slope of the rising phase of the EPSP was used as the dependent measure for quantifying electrophysiological data. APV [50 i~i; Research Biochemicals International (RBI)] and NiC12 (25 ~LM; Sigma) were prepared daily from 5 m i stock solutions. Nimodipine (10 ixi; RBI) was also prepared daily in ethanol, and recordings were carried out in a darkened room.
Results
STIMULUS REQUIREMENTS FOR LTD IN WHOLE-CELL RECORDINGS
The degree of postsynaptic depolarization necessary for the induction of homosynaptic LTD remains unclear at present. It is a potentially important parameter, however, because the magnitude of the response produced by the conditioning stimulus can influence greatly the nature of the postsynaptic Ca 2 + signal. For example, stimuli that fail to elicit action potentials produce only local rises in [Ca 2+ ]i that are primarily caused by the activation of T-type Ca 2+ channels . The generation of action potentials by the stimuli, on the other hand, alters the magnitude and spatial distribution of the Ca 2+ signals. In response to each action potential generated, back-
Cold Spring Harbor Laboratory Press on December 4, 2007 -Published by www.learnmem.org Downloaded from propagating action potentials course through the dendrites and produce widespread increases in [ Ca2+ ]i as L-, N-, P-, and R-type channels are activated . In the present experiments, the application of 3-Hz stimuli subthreshold for the generation of action potentials ( 1 0 -2 0 mV EPSPs) failed to induce a significant degree of LTD (-6.1___10.5% ; n = 4 ; P > 0 . 0 5 ) (Fig. 2) . As expected from previous imaging experiments, only a small change in [Ca 2+ ]i was found to accompany the subthreshold synaptic stimulation (soma: 3.3-+2.2% AF/F; proximal: 2.0-+0.8% AF/F; mid-radiatum: 1.8---0.8% &F/F; Fig. 2A ).
Increasing the strength of the synaptic stimulation so that action potentials could be elicited in the postsynaptic cell during the 3-Hz stimulation produced robust LTD that lasted for at least 30 min ( -4 0 . 8 -+ 6 . 3 % ; n = 5; P<0.05; Fig. 3 ). Suprathreshold stimulation also produced large rhythmic Ca 2+ transients throughout the soma and proximal dendritic tree during the induction procedure. The change in fluorescence over time rose to a maximum value over the initial 2-4 sec of each period of conditioning stimulation, and then reached a plateau for the remainder of the acquisition period (soma: 9.5---2.1% &F/F; proximal: 8.7-+1.9% AF/F; mid-radiatum: 10.6-+4.8% AF/F; Fig. 3A ). Past studies have indicated that these transients are reflective of VGCC activity in response to action potentials back-propagating through the dendrites (Miyakawa et al. 199; Christie et al. 1995) .
Previous studies have shown that a large transient increase in Ca 2+ in the absence of synaptic stimulation does not produce stable LTP (Kullmann et al. 1992) , although under special conditions, LTD may be induced by a rise in postsynaptic [Ca 2+ ]i alone without concurrent synaptic transmission (Christofi et al. 1993) . To test this, we also produced an increase in postsynaptic Ca 2 + by generating back-propagating action potentials in CA1 neurons. Injections of depolarizing current ( 1 -2 ms; sufficient to generate action potentials) were administered via the whole-cell pipette to induce action potentials at 3 Hz without concurrent synaptic stimulation. Large Ca 2 + transients were observed in response to the depolarizing pulses (soma: 22.8_+0.3% AF/F; proximal: 25.0+0.3% &F/F; mid-radiatum: 21.4---0.9% AF/F; Fig. 4A ). In these cells, however, the generation of 900 action potentials alone failed to induce LTD of synaptic responses (9.53-+ 16.8% ; n --6; P>0.05; •
• adding Cd2+(100-200 ~LM) tO the external bathing medium, suggesting that they occurred in response to Ca 2 + entry via VGCCs (data not shown). (Bii) Averaged data taken from all slices which were administered the suprathreshold conditioning paradigm (n = 6). Arrows indicate time at which the low-frequency stimulation was administered. Scale bars: 10 mV, 100 m s .
Given that suprathreshold synaptic stimulation (synaptic transmission and the generation of action potentials) induced a robust LTD, we decided to utilize a more controlled paradigm in which action potentials elicited with depolarizing current injections to the soma could be paired with subthreshold synaptic stimulation. In this way, we could test whether the generation of action potentials or strong synaptic stimulation were LTD, like that induced by suprathreshold synaptic stimulation, was found to be input specific (n --3).
As with the suprathreshold and the somatic depolarization conditioning trains, large Ca 2+ transients were also observed in response to the paired stimulation (soma: 17.6-+ 2.5% &F/F; proximal: 21.1-+ 1.6% &F/F; mid-radiatum: 16.1-+2.5% &F/F; Fig. 5A ).
Attempts to induce LTD by either administering synaptic stimulation while holding cells slightly depolarized ( -45 to -50 mV) in voltage clamp (19.1-+16.9%; n = 2 ) , or in conjunction with hyperpolarizing (rather than depolarizing) pulses all failed. In all of these cells, action potentials were not elicited during the conditioning stimulation (data not shown), and LTD was not induced.
ROLE OF NMDARs AND VGCCs IN HOMOSYNAPTIC LTD
Having established that LTD can be reliably induced by pairing synaptic activity with backpropagating action potentials, we next examined the involvement of NMDA receptors in this LTD. Conditioning stimuli administered in the presence of 50 ~LM APV failed to induce depression of evoked responses ( 1 5 . 8 -+ 13.3% ; n -6; P>O.05; Fig. 6) . Surprisingly, the Ca 2 + transients in APV tended to be significantly smaller than those observed in normal ACSF (P<O.05; Fig. 6C ) in each of the three regions of the neuron. To further evaluate this effect, 5-see trains of 3-Hz stimuli were administered prior to the addition of APV in two neurons. These short trains did not alter evoked responses by themselves, but when APV was added to the ACSF and the trains were re-administered, Ca 2 + transients were found to be reduced in all three regions (Pre: soma = 16.7-+0.4% ; proximal= 15.9---3.0%; mid-radiatum= 11.4-+4.3%; Post: soma= 10.0-+0.7%; proximal= 11.1+-2.1%; midradiatum = 8.1 -+ 4.1% ). Thus, NMDA receptors appear to be important for the induction of homosynaptic LTD and can greatly influence the magnitude of the Ca 2 + transients recorded during the 3-Hz stimulation.
Heterosynaptic LTD in the CA1 region can be blocked by NMDA receptor antagonists and by antagonists of L-type VGCCs (Abraham and Wickens 1991) . These findings have led to the suggestion that the activation of NMDA receptors may serve to prolong the period of postsynaptic depolarization and aid in the activation of L-type VGCCs. In addition, Hell et al. (1996) have shown that NMDA receptor activation in CA1 cells may persistently increase Ca 2+ influx through L-type channels following intense synaptic activity (also see Chetkovich et al. 1991 ) . To determine if homosynaptic LTD is also dependent on L-type VGCC activity, nimodipine (10 p~i), a relatively nonphotolabile for slices (n = 6) that were administered the 3-Hz pairing stimuli in the presence of APV. Note the similarity between the post-conditioning responses observed here, and those recorded when somatic current injections were administered at 3 Hz alone (Fig. 4) . (C) Only moderate changes in fluorescence were observed during the application of the pairing stimuli in the presence of APV (solid bars) when compared with those observed in normal ACSF (open bars). The change in AF/F recorded during the conditioning trains was significantly reduced in all regions of the cell in APV as compared with control conditions. Scale bars: 10 mV, 100 ms. depression was observed following the induction procedure, a significant degree of LTD was not apparent at 30 min post-conditioning ( -7.9---8.7% ; n = 5; P>O.05; Fig. 7 ). As mentioned previously, it is k n o w n that the contribution of L-type VGCCs to optically measured Ca 2+ transients diminishes with increasing distance from the soma . Instead, VGCCs sensitive to Ni 2+ tend to be the major contributor to Ca 2+ transients in m o r e distal dendritic regions . To test the potential involvement of R-and T-type channels in LTD, NiCI 2 (25 I~i) was added to the bathing m e d i u m 5 -1 0 min prior to lowfrequency conditioning and then w a s h e d out at the end of the stimulus train. LTD was not induced in these neurons (7.7+-8.9% ; n = 5), and an examination of the Ca 2+ transients r e c o r d e d during the conditioning stimulation revealed them to be significantly r e d u c e d as c o m p a r e d with control recordings (Fig. 8) . 
Discussion
The present results indicate that back-propagating action potentials occurring in conjunction with 3-Hz EPSPs can increase dramatically the efficacy for induction of homosynaptic LTD at Schaffer collateral-CA 1 pyramidal neuron synapses. Under our experimental conditions, synaptic stimulation that was subthreshold for action potentials did not induce LTD, although a short-lasting depression (5-10 min) was sometimes observed. Many of the subthreshold EPSPs were actually quite large, sometimes > 15 mV in amplitude, yet they failed to exhibit LTD, implying that T-channel activation by itself is not sufficient to induce LTD under these conditions. The generation of postsynaptic action potentials alone at 3 Hz was also not sul~cient for LTD induction, although a weak potentiation that decayed over the course of the postconditioning recording period was often produced. In contrast, suprathreshold 3-Hz stimuli, which produced synaptically generated action potentials, produced robust LTD. Furthermore, subthreshold EPSPs that are usually unable to induce LTD by themselves, produced robust LTD when they were paired with postsynaptically generated action potentials. It appears, therefore, that the presence of back-propagating action potentials, rather than the stronger presynaptic stimulation, may be a critical parameter for LTD induction. Although postsynaptic action potentials may not be an absolute requirement for LTD induction (Neveu and Zucker 1996) , they may play an important facilitatory role under normal physiological conditions.
The LTD induced by our stimulation protocols was blocked by the NMDAr antagonist APV, and was also severely reduced or prevented by the VGCC blockers nimodipine and Ni 2 +. Changes in [ Ca2 + ]i during the LTD induction protocols were monitored in the soma, proximal dendrites, and mid-radiatum regions of CA1 neurons. As expected from previous work, only small increases in [Ca2+]i were observed in these regions during subthreshold synaptic stimulation, but large increases in [Ca 2+ ]i occurred in all three regions in response to action potentials. A rather surprising finding was that for each of the three agents that blocked or reduced the induction of LTD, there were concomitant reductions in the rises in [ Ca2+ ]i during the 3-Hz stimulations. One possible conclusion from these results is that a reduction in Ca 2+ entry, whether this occurs as a result of a reduction in [Ca 2+ ]i through either NMDA receptors, L-type VGCCs, or R-and T-type VGCCs, reduces or blocks LTD induction. The fact that APV reduced the synaptically induced Ca 2+ transients in the soma as well as the dendrites would suggest that APV, in addition to blocking Ca 2+ entry through NMDArs, also reduces the NMDAr-mediated depolarization and secondary Ca 2+ entry through VGCCs, as has been suggested previously Regehr and Tank 1992) . It may also be that Ca 2+ entry in multiple locations of the neuron is necessary for LTD induction.
Ca 2 + entry into dendritic spines of hippocampal pyramidal neurons through VGCCs has been shown recently by several authors (Jaffe et al. 1994; Segal 1995; Yuste and Denk 1995) . Yuste and Denk (1995) showed a supralinear summation of Ca 2+ signals in spines when action potentials and EPSPs occurred simultaneously and this supralinear summation was reduced with APV (R. Yuste, D.W. Tank, and W. Denk, pers. comm). One possible explanation for the results presented here is that the LTD is dependent on this large Ca 2 + influx into spines, which occurs only when synaptically generated EPSPs and back-propagating spikes occur simultaneously in the spine (Yuste and Denk 1995) . Thus, this supralinear summation can be prevented with APV, nimodipine, or Ni 2 +, and
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Previous research has shown that the L-, R-, and T-subtype of Ca 2 + channels appear throughout the soma and dendrites of CA1 cells . Voltage-gated Ca 2+ channels of the L-subtype appear to be more clustered around the soma and proximal dendrites of these cells (Westenbroek et al. 1990; , while T-and R-subtypes are the main contributors to Ca 2+ -entry in the more distal (> 50 ~xm) dendritic regions . In addition, the contribution of these channels to synaptic plasticity does not seem restricted to the LTD observed here, as Ni 2+ sensitive channels have also been reported to play a role in LTP (Chen et al. 1995) . As there is yet no specific blocker for either the Tor R-type VGCC, it is unclear which channel is important for synaptic plasticity, or if both play a role. The role of the L-type channel in LTD is even more controversial, with some groups reportinga block with nimodipine in young (3-to 7-dayold) rats (Bolshakov and Siegelbaum 1994) , whereas other groups reported no effect (Selig et al. 1995) . Differences in induction procedures, developmental factors, or the location of stimulating electrodes may all contribute to the different results.
It should be emphasized that the results reported here, namely the importance of back-propagating action potentials for LTD induction and the fact that both NMDAr antagonists and VGCC blockers reduced or blocked LTD, were from synapses along the first 100-200 txm of the apical dendrites and that more distal synapses may follow different rules for induction. Such a possibility is entirely consistent with recent findings concerning the nonhomogeneous properties of the apical dendrites. For example, the amplitude of backpropagating action potentials is not constant with distance out the dendrites (Callaway and Ross 1995; Spruston et al. 1995b ); dendritic action potentials fail to propagate at more distal branch points (Spruston et al. 1995b) ; and the distribution of VGCC subtypes varies among regions of dendrites Johnston et al. 1996; . Different parts of dendrites appear to have different properties, and, thus, mechanisms of synaptic integration and plasticity that depend on these properties may not generalize from one area of the dendrites to another. Nevertheless, back-propagating action potentials can provide a powerful feedback signal from the soma to the synapses to indicate, through a depolarization and subsequent Ca 2 + influx, that an output of the neuron has occurred. Such a feedback signal is ideally suited for one component of Hebbian and non-Hebbian learning mechanisms.
